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ABSTRACT 
In this paper, we investigate the damping characteristics for the fundamental and the higher 
modes in jointed plate structures with partially overlapping interfaces. First, the damping 
characteristics are experimentally evaluated. Second, the effect of the mode shape on the 
damping characteristics is examined. Third, the characteristics of energy dissipation due to 
friction at the interface, which determine the damping characteristics in jointed plates, are 
analysed. Consequently, we propose a procedure for estimating the energy dissipation at the 
interface using finite element (FE) analysis. The structure considered in this paper consists of 
three steel plates bolted together in which a long plate is sandwiched between two short plates. 
Comparison of the modal damping ratios estimated from the dissipated energy and those 
measured in modal testing confirms the validity of the proposed estimation procedure. The FE 
analysis and the experimental results show that the damping characteristics vary depending on 
the mode, especially for the difference between the symmetric and antisymmetric mode 
shapes. This is supported by the characteristics of the energy dissipation obtained in the 
contact analysis of the proposed estimation procedure. 
1. INTRODUCTION 
The dynamic behaviour of built-up structures is affected by the characteristics of mechanical 
joints such as bolted, riveted and spot-welded joints. In particular, the existence of contact 
interfaces in the joints increases the vibration damping in the structures because energy 
dissipation due to friction occurs at the interfaces, which is often referred to as interface 
damping. 
Interface damping has been the subject of many studies. Goodman et al. [1] considered a 
cantilever beam consisting of two identical beams pressed together and proposed a formula 
for the energy dissipation when a beam was loaded with a shear force at the free end. 
Bournine et al. [2] presented an analysis of the damping behaviour of two identical beams 
bolted together and of the energy dissipation due to friction. Metherell et al. [3] investigated 
  
the damping behaviour of a lap-shear joint and derived an expression for the energy 
dissipation when it was subjected to an axial load. Chen et al. [4] investigated the effect of 
friction on the damping response of interfaces using finite element (FE) method and compared 
the results with those studied by Goodman et al. and Metherell et al. Dovstam et al. [5] 
demonstrated a technique for the simulation of interface damping using linear FE modelling 
when a lap joint was subjected to an axial load. Almost all of these studies focused on only 
the fundamental mode, that is, the first bending mode shape for the cantilever structure. 
Abbadi et al. [6] presented a nonlinear model for the energy dissipation due to friction in 
welding spot joints. In study [6], the time history of the energy dissipation and the velocity 
response were calculated using nonlinear transient analysis and the modal damping ratios for 
the higher modes were identified from the simulation data. However, the effect of the mode 
shape on the damping characteristics was not mentioned. 
In this paper, we investigate the damping characteristics for the fundamental and the higher 
modes in jointed plate structures with partially overlapping interfaces. First, the damping 
characteristics are experimentally evaluated. Second, the effect of the mode shape on the 
damping characteristics is examined. Third, the characteristics of energy dissipation due to 
friction at the interface, which determine the damping characteristics in jointed plates, are 
analysed. Consequently, we propose a procedure for estimating the energy dissipation at the 
interface using finite element (FE) analysis. The structure considered in this paper consists of 
three steel plates bolted together in which a long plate is sandwiched between two short plates. 
To validate the proposed estimation procedure for the energy dissipation, the modal damping 
ratios estimated from the dissipated energy are compared with the modal damping ratios 
measured in the modal testing. 
2. INTERFACE DAMPING 
In the many studies on interface damping, a cantilever structure consisting of two identical 
beams pressed together as shown in Figure 1(a) has been considered. When the vertical load 
is applied at the free end, a slip at the interface occurs. This causes energy dissipation due to 
friction at the interface, providing damping in built-up structures. In almost all the studies, the 
two beams are assumed to have the same deflection, and the energy dissipation due to friction 
is estimated. Although the mode shapes of the structure strongly affect the damping, only a 
few consider the effect of the mode shape on the damping characteristics for the higher modes 
over the fundamental mode. 
In this paper, we consider a structure consisting of three plates with partially overlapping 
interfaces as shown in Figure 1(b). Although the analysis of such a structure was performed 
using a lap joint subjected to an axial load, the case for the bending deflection due to a vertical 
load has not been examined. In this case, the three plates do not have the same deflection, that 
is, they have different radii of curvature. This causes the plates to contact each other locally 
along the interface and a slip will occur at a portion of the interface.  
            
(a) Structure with two identical beams    (b) Structure with partially overlapping interfaces 
Figure 1. Plate structures with friction interface 
  
The structure with three plates is used because it is symmetric in the vertical and horizontal 
directions. This allows the finite element contact analysis used in this paper to be carried out 
during only the first half of the period of vibration, reducing the analysis time. 
3. EXPERIMENTAL EVALUATION OF DAMPING CHARACTERISTICS 
To evaluate the damping characteristics of a plate structure with partially overlapping 
interfaces, we measured the damping of a test structure consisting of three plates bolted 
together. 
3.1 Test structure 
Figure 2 shows the plate structure considered in this paper, where a long plate (main plate) 
was sandwiched between two short plates (sub plates). The main plate dimensions were 
480 mm×80 mm×3 mm and the dimensions of the two sub plates were 80 mm×80 mm×2 mm. 
The three plates had 8 holes (5.5 mm diameter) each and were bolted together using M5 bolts 
with a tightening torque of 3 Nm. To compare the effect of the bolt pattern on the damping 
characteristics, three cases of bolt patterns shown in Figure 3 were examined. Furthermore, to 
compare the effect of the sub plate length on the damping characteristics, a different sub plate 
length of 60mm in the x direction was examined. 
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Figure 2. Test structure 
 
 
                        (a) Centre joint             (b) Edge joint                (c) All joint 
Figure 3. Bolt patterns 
3.2 Modal testing 
Figure 4 shows the experimental setup. The test structure was suspended using soft rubber 
bands to realize the free-free boundary condition and the accelerometer was placed at the 
centre of the plate edge. To excite only the bending mode, the structure was subjected to force 
applied at the same position as the accelerometer (the centre of the plate edge) but on the 
opposite side of the main plate, using an impact hammer. The excitation force and the 
response acceleration were measured and the frequency response function (FRF) was 
calculated. From the measured FRF, the modal damping ratio for each mode was extracted 
using the SDOF curve-fitting algorithm. 
  
 
Impact hammer FFT Analyzer
Accelerometer
 
                                     (a) Hammer impact testing                        (b) Accelerometer location 
Figure 4. Experimental setup for modal testing 
3.3 Effect of bolt pattern and sub plate length on the damping characteristics 
Figure 5 shows the modal damping ratios extracted from the measured FRFs for the 80 mm 
sub plate length and the three bolt patterns. The damping ratios for the centre joint pattern are 
larger than those for both the edge and the all joint patterns for all modes except for the 2nd 
mode which has a small damping ratio. Furthermore, there is no clear difference in the 
damping ratio between the edge and the all joint patterns and their damping ratios are small. 
Thus the damping characteristics are strongly affected by the bolt pattern. The large damping 
ratio for the centre joint pattern is because the frictional sliding area is probably large for the 
centre joint pattern compared to those for both the edge and the all joint patterns. To increase 
damping, it is essential to increase the sliding area over which the interfaces move easily 
relative to each other. 
Figure 6 shows the modal damping ratios for the centre joint pattern and the two sub plate 
lengths. The damping ratios for the 80 mm sub plate length are larger than those for the 
60 mm sub plate length while both damping ratios have the same tendency, that is, the 
damping ratio decreases at the 2nd mode compared to the 1st mode and also the damping ratio 
decreases at the 4th mode compared to the 3rd mode. In addition, the damping ratio at the 2nd 
mode is the smallest and the damping ratio at the 3rd mode is the largest. Thus the damping 
characteristics vary significantly depending on the mode. We examine the effect of the mode 
shape on the damping characteristics in the next section. 
To examine the effect of the deviation from the standard bolt tightening torque, we 
measured the damping ratio at tightening torques of 2.5, 3.0 and 3.5 Nm. The results indicated 
very little variation in the damping ratio. Figure 5 shows the damping ratios at 3.0 Nm 
tightening torque. 
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Figure 5. Modal damping ratios for the bolt pattern  
(the 80 mm sub plate length) 
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Figure 6. Modal damping ratios for the sub plate length 
(the centre joint pattern) 
4. MODE SHAPE AND DAMPING CHARACERISTICS 
In this paper, to investigate the damping characteristics of a plate structure with partially 
overlapping interfaces, we examine the effect of the mode shape and analyse the 
characteristics of energy dissipation due to friction at the interface. Consequently, eigenvalue 
analysis and static contact analysis were carried out using the finite element program Ansys. 
In this section, the effect of the mode shape on the damping characteristics is examined. 
4.1 Linear FE model for vibration analysis 
Figure 7 shows a linear finite element (FE) model for the centre joint pattern and the 80 mm 
sub plate length for vibration analysis. The three steel plates were modelled with solid-shell 
elements (Solsh 190), and the bolts and nuts were modelled with solid elements (Solid 185). 
The material properties for the plate, bolt and nuts were Young’s modulus E=206 GPa, 
Poisson’s ratio ν=0.3 and mass density ρ=7800 kg/m3. The boundary condition was set to a 
free-free condition, consistent with the modal testing. 
Figure 8 shows the first 4 bending mode shapes excluding the six rigid body mode shapes. 
The mode shapes of the 1st and 3rd modes are symmetric about the y-z plane shown in Figure 
8(a) while the mode shapes of the 2nd and 4th modes are antisymmetric. 
Figure 9 shows a comparison between the driving point FRF measured and predicted by 
FE analysis, where the excitation and response node is indicated by the circle in Figure 7(a). 
The predicted FRF is in good agreement with the measured FRF below 800 Hz and the 1st to 
4th modes are inside this frequency range. Thus it is possible to investigate the damping 
characteristics from the 1st to 4th modes using the mode shapes of this model. 
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(a) Whole view                                      (b) Joint part 
Figure 7. Linear FE model for vibration analysis 
 
 
  
 
y-z symmetry plane
 
(a) y-z symmetry plane 
              
                      (b) 1st mode: 68.0 Hz                                (c) 2nd mode: 194.0 Hz 
               
                      (d) 3rd mode: 371.3 Hz                              (e) 4th mode: 597.6 Hz   
Figure 8. Symmetry plane and first four bending mode shapes 
(the centre joint pattern and the 80 mm sub plate length) 
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Figure 9. Comparison between the measured and FE predicted FRFs 
4.2 Effect of mode shape on the damping characteristics 
Figures 10 and 11 show the enlarged view of the 3rd mode shapes (symmetric) and the 2nd 
mode shapes (antisymmetric) as shown in Figure 8. 
As seen in Figure 10, the deflection of the main plate for the centre joint pattern is large 
compared to those for both the edge and the all joint patterns, while the deflection of the sub 
plates is small for all the patterns. For the centre joint pattern, the contact pressure and the slip 
displacement at the interface probably becomes large. This leads to large energy dissipation 
due to friction, and as a result, a large damping ratio. In contrast, Figure 11 indicates that the 
main plate and sub plates do not move away from each other and rotate together for all the 
patterns. In this case, it seems that the contact pressure and the slip displacement are small. 
This results in small energy dissipation and a small damping ratio. Note that the 
characteristics for the 1st mode is almost the same as for the 3rd mode and the characteristics 
for the 4th mode is similar for the 2nd mode in the movement but the main plate has a large 
deflection. Thus the effect of the bolt pattern on the damping characteristics differs depending 
on the mode, especially for the difference between the symmetric and antisymmetric mode 
shapes. This means that the difference between the mode shapes strongly affects the damping 
characteristics. 
  
                     
(a) Centre joint                    (b) Edge joint                            (c) All joint 
Figure 10. 3rd bending mode shapes (symmetric) 
                     
(a) Centre joint                    (b) Edge joint                            (c) All joint 
Figure 11. 2nd bending mode shapes (antisymmetric) 
5. ENERGY DISSIPATION AND DAMPING CHARACERISTICS 
In this section, we analyse the characteristics of energy dissipation due to friction at the 
interface which determine the damping characteristics in jointed plates. Consequently, the 
static contact analysis using a nonlinear FE model was carried out instead of the dynamic 
contact analysis, i.e., nonlinear time transient analysis. This reduces the analysis time and the 
difficulty of the contact analysis. 
5.1  Flow chart of estimation procedure for energy dissipation 
Figure 12 shows a flow chart of the estimation procedure for energy dissipation. First, a linear 
FE model is built and the mode shapes are obtained as mentioned in Section 4.1. Second, 
contact elements are defined on the interface region between the main and the two sub plates, 
changing the linear FE model to a nonlinear FE model. Third, a forced displacement is 
applied to the main plate only in the static contact analysis and the contact conditions such as 
the contact pressure, contact area and slip displacement (the relative displacement of the sub 
plate to the main plate along the interface) are then obtained. As a forced displacement, the 
scaled mode shape is used for each mode. Finally, the dissipated energy due to friction is 
estimated from the contact conditions. 
 
Eigen value analysis
(Linear FE model)
Contact analysis
(Nonlinear FE model)
Modal testing
Response
displacement
Next mode
Mode shape
Forced displacement
Contact pressure
Contact area
Slip displacement
Dissipated energy 
due to friction Modal damping ratio
 
Figure 12. Flow chart of the estimation procedure for energy dissipation 
  
The modal damping ratios are also estimated from both the dissipated energy and the 
vibration energy, and are used to validate the proposed estimation procedure by comparing the 
estimated and the measured damping ratios. 
5.2  Static contact analysis 
In the static contact analysis, the nonlinear FE model was used where the contact elements 
with Coulomb friction law (Conta 173 and Targe 170) were defined on the interface region 
shown in Figure 13. To prevent rigid body motion, the nodes on the intersection of the middle 
surface of the main plate and the y-z symmetry plane were constrained in the x direction, and 
in addition, the nodes on the intersection of the middle surface of the main plate and the z-x 
symmetry plane were constrained in the y direction. The forced displacement, i.e., the scaled 
mode shape in the z direction, was applied to the nodes on the middle surface of the main 
plate as the forced displacement was changed for each mode. The scaled mode shape that was 
used as a forced displacement was determined such that the mode shape component at the 
node corresponding to the measurement point in the modal testing had the same displacement 
value in the measured frequency spectrum.  
In the analysis, the forced displacement applied was increased from zero to maximum in 
100 steps and then decreased from maximum to zero in 100 steps (a total step number of 200). 
The increment for each step was calculated by dividing the maximum of the forced 
displacement at a quarter of the period of vibration into 100 equal displacements. The friction 
coefficient was set to 0.2. 
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Figure 13. Nonlinear FE model for contact analysis 
5.3  Calculation of the dissipated energy and the modal damping ratio 
The dissipated energy due to friction is calculated from the contact pressure, contact area and 
slip displacement obtained in the static contact analysis at each step, that is 
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where )( jrd E is the dissipated energy at jth step for rth mode,  is the friction coefficient, )( jip , 
)( j
iA  and )( jis  are the contact pressure, the contact area and the slip displacement at jth step for 
ith element for rth mode, respectively. N denotes the number of contact elements. The total 
dissipated energy for half the period of vibration is obtained from the sum of the dissipated 
energy at each step for 200 steps. The modal damping ratio is calculated by: 
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where r  is the modal damping ratio of rth mode, *rd E  is the total dissipated energy for half 
the period and rv E  is the vibration energy (the peak kinetic energy) of rth mode which is 
calculated from the mass matrix and the scaled mode shape used as the forced displacement in 
the static contact analysis. 
5.4  Validation of the estimation procedure for energy dissipation 
Figure 14 shows a comparison between the estimated and the experimentally measured modal 
damping ratios for the centre joint pattern and the 80 mm sub plate length. The estimated 
damping ratios are the sum of the damping ratios obtained using Eq. (2) and the damping 
ratios measured from only the main plate without the sub plates, which are included in the 
figure for reference. The sum was used as the estimated damping ratio because we considered 
only the dissipation energy due to friction in Eq. (2) and ignored other damping sources such 
as the material damping of the plate. 
In Figure 14, the estimated damping ratios are smaller than the measured damping ratios 
for all modes. However, both damping ratios have the same tendency, that is, the damping 
ratio decreases at the 2nd mode compared to the 1st mode and also the damping ratio 
decreases at the 4th mode compared to the 3rd mode. In addition, the damping ratio at the 2nd 
mode is the smallest. On the other hand, the damping ratio for the main plate decreases 
monotonically with the mode number. As previously mentioned, the mode shapes of the 1st 
and 3rd modes are symmetric while the mode shapes of the 2nd and 4th modes are 
antisymmetric. The estimated damping ratios obviously demonstrate the difference in 
damping characteristics between the symmetric and antisymmetric modes. Thus the proposed 
procedure enables us to estimate the dissipated energy at the interface and to analyse the 
characteristics of the energy dissipation due to friction based on the estimated dissipated 
energy. 
Some of the reasons for the difference between the estimated and the measured modal 
damping ratios are that the clamping pressure at the interface, and the increase in pressure due 
to inertia force for the 3rd and 4th modes were neglected in the static contact analysis. 
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Figure 14. Comparison between the estimated and the experimentally measured 
modal damping ratios (the centre joint pattern and the 80 mm sub plate length) 
  
5.5  Energy dissipation characteristics 
In this section, to understand the difference in the resulting modal damping ratios between the 
symmetric and antisymmetric modes, we analyse the characteristics of energy dissipation due 
to friction at the interface. 
Figure 15 shows the contact force, slip displacement and dissipated energy at each step 
number in the contact analysis when the main plate deflected downward. The contact force 
was calculated by taking the product of the contact pressure and contact area for each element 
and then the sum of the product for each element for each of the upper and lower sub plates. 
The slip displacement was calculated by summing the slip displacement for each element. The 
dissipated energy was calculated by taking the product of the friction coefficient, contact 
force and slip displacement for each element, and then the sum of the product for each 
element. Although the results for the 4th mode are not shown here, the dissipated energy was 
calculated in the same way and the modal damping ratio was then estimated as previously 
shown in Figure 14. 
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 (a) 1st bending mode 
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(b) 2nd bending mode 
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(c) 3rd bending mode 
Figure 15. The contact Information, slip displacement and dissipated energy 
from the contact analysis (the centre joint pattern) 
  
As seen from Figure 15, the contact force increases linearly with step number when the 
main plate deflects from zero to maximum and then decreases linearly when the main plate 
returns to zero. This means that the contact force is proportional to the deflection of the main 
plate. In addition, the slip displacement is constant in all steps except for the first few steps 
for all modes. Since the dissipated energy is obtained as the product of the contact force and 
slip displacement, the dissipated energy increases and decreases linearly according to the 
deflection of the main plate.  
The difference in dissipated energy between modes is not clear from Figure 15 because the 
maximum value of the forced displacement was different for each mode in the static contact 
analysis. We show the maximum forced displacement, maximum dissipated energy and 
vibration energy for the 1st to 4th modes in Table 1. Calculating the ratio of the maximum 
dissipated energy to the maximum forced displacement, we find that the ratio for the 1st and 
3rd modes are large compared to the 2nd and 4th modes. This indicates that the dissipated 
energy for the symmetric mode is large compared to the antisymmetric mode. In addition to 
the dissipated energy, the vibration energy for the symmetric mode is small compared to the 
antisymmetric mode as seen by comparing the maximum forced displacement and the 
vibration energy. Since the modal damping ratio is calculated as the ratio of the dissipated 
energy to vibration energy as shown in Eq. (2), the modal damping ratio for the symmetric 
mode becomes large compared to the antisymmetric mode as shown in Figure 14. 
 
Mode number 1 2 3 4 
Max. forced disp. [×10-7 m] 8.5 3.0 0.21 0.10 
Max. dissipated energy [×10-14 J] 9.9 0.87 0.14 0.04 
Vibration energy [×10-9 J] 1.7 1.8 0.03 0.02 
Table 1: The maximum forced displacement, maximum dissipated energy 
and vibration energy 
It is also seen from Figure 15 that for the 1st and 3rd modes, the dissipated energy is 
different for the upper and lower sub plates, that is, the value for the lower sub plate is larger 
than for the upper sub plate. On the other hand, for the 2nd mode, both the upper and lower 
sub plates have the same dissipated energy because the 2nd mode shape is antisymmetric. The 
reason for the characteristics for the 1st and 3rd modes is as follows. Because the dissipated 
energy is obtained as the product of the contact force and slip displacement for each element, 
the product becomes small for each element when either the contact force or the slip 
displacement is small. This results in a small amount of dissipated energy. As an example, we 
show the contact pressure and slip displacement distributions for the 3rd mode in Figure 16. 
For the upper sub plate, the elements with a high contact pressure and with a large slip 
displacement are different. In contrast, for the lower sub plate, the elements with a high 
contact pressure and with a large slip displacement are almost the same. In addition, for the 
lower sub plate, both the high contact pressure and large slip displacement are located at the 
edge of sub plate and their values are high though the values are not shown here. This is one 
of the characteristics of the structure consisting of the three plates with partially overlapping 
interfaces considered in this paper. 
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Contact pressure                      Slip displacement 
(b) Lower sub plate 
Figure 16. The contact pressure and slip displacement for the 3rd bending mode 
6. CONCLUSIONS 
In this paper, we investigated the damping characteristics for the fundamental and the higher 
modes in jointed plate structures with partially overlapping interfaces. To analyse the 
characteristics of energy dissipation due to friction at the interface which determine the 
damping characteristics in jointed plates, we proposed the procedure for estimating the energy 
dissipation using finite element (FE) analysis. Comparison of the modal damping ratios 
estimated from the dissipated energy and those measured in the modal testing confirmed the 
validity of the proposed estimation procedure. The FE analysis and the experimental results 
show that the damping characteristics vary depending on the mode, especially for the 
difference between the symmetric and the antisymmetric mode shapes. This is supported by 
the characteristics of the energy dissipation obtained in the static contact analysis of the 
proposed estimation procedure. 
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